Abstract. Hydrogen dissolved in the Cr 2 O 3 scale formed on the stainless steel in the H 2 O-containing atmospheres is observed by TDS (thermal desorption spectroscopy) measurements. The amount of dissolved hydrogen in the Cr 2 O 3 scale reaches a maximum about 0.32 mol% when the H 2 O concentration in the gas reaches 20%. It was found from GDS (glow discharge spectroscopy) measurements that hydrogen may exist at the oxide scale / substrate interface or in Cr 2 O 3 scale bounded that interface. However, results from the Vickers hardness and the observation of scale morphology by SEM (scanning electron microscopy), hydrogen dissolved in the Cr 2 O 3 scale would have little effect on a decrease in the mechanical property of the Cr 2 O 3 scale. Therefore, hydrogen dissolved in the Cr 2 O 3 scale may not be main factor of the deterioration of the Cr 2 O 3 scale.
Introduction
It is well known that an oxide scale (Cr 2 O 3 or Fe-Cr spinel oxide) is formed in the initial stage of wet oxidation of Fe-Cr alloys and stainless steels. Later, nodule-like oxides are formed locally, and then the alloy shows accelerated oxidation behavior, resulting in a large mass gain [1] [2] [3] [4] [5] .
Some mechanisms supporting the change from the initially formed Cr 2 O 3 scale to the nodule-like oxide have been suggested. They can be grouped into two main groups. One group concerns the reaction of a Cr 2 O 3 scale with H 2 O(g) [6] [7] [8] [9] [10] [11] [12] [13] . Asteman et al. [11] [12] reported that evaporation of chromia occurred during oxidation of Type 304L at 873 K in humid oxygen. They showed that the evaporation of chromia, probably in the form of CrO 2 (OH) 2 (g), resulted in the conversion of a Cr-rich oxide scale into a nonprotective iron-rich oxide scale. Moreover, we indicated that the mass loss of Cr 2 O 3 in N 2 -O 2 -H 2 O atmospheres was higher than that in N 2 -O 2 and N 2 -H 2 O atmospheres [13] .
The other group of possible mechanism relates the degradation of the mechanical property of a Cr 2 O 3 scale [14] [15] [16] [17] [18] . That is, invasion of water vapor into the substrate is caused by deterioration of the mechanical property of the Cr 2 O 3 scale accompanying the generation of cracks, which is due to dissolution of hydrogen into the Cr 2 O 3 scale or to an originally brittle property of it. Norby [18] reported that hydrogen or water vapor might affect the oxidation rate and the ability of the scales to deform plastically. He also suggested that possible effect of protons is to enable oxygen to be transported as hydroxide ions. Hultquist et al. [19] [20] [21] studied the effect of hydrogen on the growth mechanism of chromia and chromia scale adherence using hydrogen containing chromium. They indicated that the presence of hydrogen leads to accelerate oxidation and poor adherence of the oxide scale.
However, a mechanism that an initially formed Cr 2 O 3 scale changes into a nodule-like oxide scale is not clear. In a previous paper [13] 
Experimental Procedure
The specimen used in this study was Type 430, and the chemical composition is shown in Table 1 . The specimens were cut into 15×5×3(10 -3 m) blocks and then the surfaces were polished up to a micro meter diamond finish. Prior to the oxidation tests, the specimens were ultrasonically cleaned in an ethanol bath. And then the mass and precise size were measured. The experimental apparatus used in this study was the same as that used in previous studies [4] [5] 13] -2 m) in an electric furnace maintained at a desired temperature and atmosphere. The specimen was heated and then quickly removed from the hot zone and cooled in air.
After the oxidation tests, the specimen was moved to the TDS apparatus [22] [23] for measurement of the trapped amount of hydrogen. Typical pressure before the TDS measurement was about 1×10 -7 Pa. In the TDS measurements, the specimen was located on a heater made by tantalum. The specimen was linearly heated from RT to 1023 K in 1500 s and kept at 1023 K for 300 s. The heating rate was 0.5 Ks -1 . During the heating, the amount of desorbed hydrogen was measured by a quadrupole mass spectrometer (QMS). In this study, the method that uses the value of S×K, where S represents the pumping speed for hydrogen and K reciprocal of sensitivity of QMS for hydrogen, is required to calibrate gas sensitivity [24] . The equation for calibration of gas sensitivity is written as follows.
Where q represents desorption rate and i intensity of QMS signal. The value of S×K for hydrogen was 4.7 mol A -1 s -1 , which was estimated by using a hydrogen standard leak. In this experiment using TDS, this value was used for calibration of gas sensitivity. Desorption rate of hydrogen is given by the following equation.
Where M represents the signal intensity of desorption hydrogen from specimen and chamber, M 0 the signal intensity of desorption hydrogen from chamber, N A Avogadro's number, and A surface area of specimen. Vickers microhardness of oxide scale was measured by Micro Hardness Tester using HMV-1T instrument (Shimadzu Co., Japan). Surface morphology of oxide scale was observed by SEM using JSM-T20 instrument (JEOL, Japan). Further, depth profiling analyses of the oxide scale were 164
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carried out by glow discharge spectroscopy (GDS) using Jobin-Yvon 5000RF instrument (Horiba Ltd., Japan).
Results and Discussion
The desorption behavior of hydrogen from specimen. Figure 1 indicates typical hydrogen desorption spectra in the specimens oxidized in various conditions. QMS signal intensity of hydrogen from the specimen oxidized for 21.6 ks in N 2 -3%O 2 as a function of time is shown in Fig. 1(a) . In this figure it can be seen that the QMS signal intensity of hydrogen from specimen is identical with that from chamber. It is obvious that desorption hydrogen from specimen oxidized in the N Fig. 1(b) and (c). It can be noted from these figures that specimens oxidized in H 2 O-containing atmospheres emit hydrogen clearly in contrast to the specimen oxidized without H 2 O vapor. The desorption rates of hydrogen increase with increasing heating time, and the curves reach to the peak at a certain temperature and fall rapidly after that. The peaks of the desorption rate of hydrogen shift to high temperature side with increasing oxidation time. The dependence of H 2 O vapor concentration in atmosphere on the behavior of hydrogen release was examined. Figure 2 represents the desorption rate of hydrogen from the specimens oxidized for 21.6 ks in various H 2 O vapor concentration atmospheres as a function of time. The desorption rate of hydrogen reaches the maximum point around 800 -900 K and increases with increasing H 2 O concentration. Further, the peaks of the desorption rate of hydrogen tend to move high temperature side with increasing H 2 O concentration. It is unclear in this experiment which part of specimen such as scale or alloy substrate emits hydrogen. In order to determine the part emitted hydrogen, the specimens treated in following conditions were measured by TDS.
Sample1 Fig. 3 . Peaks of the hydrogen desorption rate can be classified into three main groups. Evolution curves of samples 3 and 4, which were removed oxide scales, have maxima at 693 and 1023 K, respectively. Those spectra are derived from the Type 430 substrate. On the other hand, the peak at 823 K is obtained by all specimens (Sample 1 to 4). The spectra of Sample 1, 3 and 4 are almost the same, but that of Sample 2 shows a strong peak as compared with those (Sample 1, 3 and 4). It is therefore speculated that hydrogen liberated at 823 K is mainly derived from the oxide scale formed on the specimen in the N2-O2-H2O atmosphere. The difference in area of the spectrum at 823 K between sample 2 and other samples without oxide scale is thought to come from the oxide scale.
In addition, the mol amount of hydrogen per surface area was calculated by integration of the hydrogen desorption rate measured by TDS, and the mol amount of Cr 2 O 3 formed on the surface of Type 430 by using the mass gain of Type 430 oxidized in H 2 O-containing atmosphere. In this case, it is assumed that Type 430 forms only the Cr 2 O 3 scale and all hydrogen emitted by heating dissolves into the Cr 2 O 3 scale. Fig. 4 Fig. 5 (a) , GDS analysis indicates small amount of hydrogen at the gas/oxide interface and no amount of hydrogen in the oxide scale, oxide/substrate interface and stainless steel substrate. The existence of hydrogen at the gas/oxide interface is caused by water adsorbed on the surface of the specimen because the amount of oxygen increases simultaneously on the surface of the specimen. On the other hands, in Fig. 5 (b) and (c), furthermore the measurable amount of hydrogen at the oxide/substrate interface is detected. Although the state of hydrogen in the specimen is not clear, this result suggests that hydrogen exists at the oxide scale/substrate interface or in Cr 2 O 3 scale part adjacent to the interface. Vickers hardness measurement of scale and observation of scale morphology. These results of our experiment definitely show that hydrogen exists in the Cr 2 O 3 scale formed in H 2 O-containing atmospheres. However, it is not clear whether dissolved hydrogen affects the ability of plastic deformation of the oxide scale and causes the brittle fracture of oxide scale. Thus, we considered the brittleness of oxide scale formed in H 2 O-containing atmospheres. The scale morphology of Type 430, which was oxidized for 21.6 ks in various atmospheres, after Vickers hardness measurement by loading 0.05 and 2 kg is shown in Fig. 6 . In the condition of loading 0.05 kg (Fig. 6 (a) and (b) ), the hollow in the specimen oxidized in the N 2 -2.4%O 2 -19.7%H 2 O atmosphere ( Fig. 6 (a) ) is clearly observed, but the hollow in the specimen oxidized in the N 2 -3%O 2 atmosphere (Fig. 6 (b) ) is obscurely observed. It is speculated that the oxide scale formed in N 2 -3%O 2 is harder than that formed in N 2 -2. 
